The phenomenon of ischemic preconditioning was initially observed over 20 years ago. The basic tenant is that if stimuli are applied at a subtoxic level, cells upregulate endogenous protective mechanisms to block injury induced by subsequent stress. Since this discovery, many conserved signaling mechanisms that contribute to activation of this potent protective program have been identified in the brain. A clinical correlate of this basic research finding can be found in patients with a history of transient ischemic attack (TIA), who have a decreased morbidity after stroke. In spite of multidisciplinary efforts to design safer, more effective stroke therapies, we have thus far failed to translate our understanding of endogenous protective pathways to treatments for neurodegeneration. This review is designed to provide clinicians and basic scientists with an overview of stress biology after TIA and preconditioning, discuss new therapeutic strategies to target the protein dysfunction that follows ischemic injury, and propose enhanced biochemical profiling to identify individuals at risk of stroke after TIA. We pay particular attention to the unanticipated consequences of overly aggressive intervention after TIA in which we have found that traditional cytotoxic agents such as free radicals and apoptosis associated proteases is essential for neuroprotection and communication in the stressed brain. These data emphasize the importance of understanding the complex interplay between chaperones, apoptotic proteases including caspases, and the proteolytic degradation machinery in adaptation to neurological injury.
Introduction
Nihilist philosopher Friedrich Nietzsche brought us the idea of 'that which doesn't kill you makes you stronger', and modern day findings of molecular medicine show there is great truth in this statement. Indeed, the brain is capable of withstanding enormous stress, but even more impressive than its durability is its capacity for adaptation to stress. Ischemic preconditioning is an evolutionarily conserved cellular defense program in which exposure to a subtoxic insult results in subsequent resistance to a host of otherwise lethal stressors. This phenomenon was initially identified in the heart (Murry et al, 1986) and has since been observed in liver, kidney, muscle, intestines, brain, and other tissue (Gross and Auchampach, 1992; Kitagawa et al, 1990; Kukreja et al, 1994; Lee et al, 2003) .
The phenomenon of preconditioning offers a unique window into the endogenous protective mechanisms cells use to avert irreversible injury. These defenses are remarkably rigorous and can block over 50% of the cell death elicited by an insult that would otherwise induce 100% lethality McLaughlin et al, 2003; Yellon and Dana, 2000) . Moreover, the repertoire of cell defenses is quite versatile. Small hypoxic stressors provide protection against a wide variety of subsequent injuries including more intense hypoxia, ab peptide and ceramide exposure, cytokine activation, excitotoxicity, energetic dysfunction, and other stressors Riepe et al, 1997; Tremblay et al, 2000; Weih et al, 1999) . These findings support an appealing therapeutic possibility that a common target or pathway could be manipulated to provide protection from a host of neuropathological conditions including stroke, Parkinson's disease, Alzheimer's disease, head injury, and other insults.
In addition to identifying novel therapeutic targets, understanding preconditioning responses in chronically stressed cells is essential, given that the long-term upregulation of protective programs on normal cell functioning is not well understood. For instance, genetic mutations associated with Alzheimer's and Huntington's disease can actually render cells less vulnerable to stressors such as excitotoxicity and ischemia (Dargusch and Schubert, 2002; Hansson et al, 1999 Hansson et al, , 2001 Hickey and Morton, 2000; Morton and Leavens, 2000; Petersen et al, 2001; Sagara et al, 1998; Schubert and Behl, 1993) . That is, rather than enhancing vulnerability to acute stressors, genetic disorders can provide resistance to other injuries. These effects are likely caused by aberrant gene products upregulating expression of defensive proteins and pathways and, in essence, providing preconditioning. Therefore, a clinically important problem then becomes designing effective therapeutics that mimic endogenous cell responses to low-level stress in acute conditions such as stroke as well as enhancing existing defenses in chronic disorders such as Alzheimer's disease.
Transient Ischemic Attacks Recapitulate the Findings of Neuroprotection in Preconditioned Cells
The clinical parallel to preconditioning neuroprotection is transient ischemic attacks (TIAs) (Figure 1 ). Transient ischemic attack has recently been redefined by the TIA Working Group as: 'a brief episode of neurologic dysfunction caused by focal brain or retinal ischemia, with clinical symptoms typically lasting less than 1 h, and without evidence of acute infarction' (Albers et al, 2002) . At least 700,000 strokes and 300,000 TIAs occur annually in the United States although the true incidence of TIA may be much higher due to lack of self-reporting. In spite of this caveat, TIAs occur in one in 15 people over the age of 65, and an estimated 4.9 million people in the United States document having been diagnosed with a TIA (Mitka, 2005) . Our failure to understand the genetic and biochemical factors that render individuals at higher risk for stroke after TIA is startlingly evidenced by the estimate that 10% of emergency room patients diagnosed with TIAs returned within ninety days having suffered a stroke. Half of these return visits occurred within 48 h (Johnston et al, 2000) .
Transient ischemic attack patients generally fall into three treatment categories: (1) those identified with modifiable risk factors, including hypertension, diabetes mellitus, hyperlipidemia, atrial fibrillation, and cigarette smoking; (2) individuals who have greater than 70% carotid stenosis and are candidates for neurointerventional or surgical procedures such as stenting or endarterectomy (Barnett et al, 1998; Mayberg et al, 1991) ; and (3) those who fall into neither of these categories and are released with a standard course of antiplatelet therapy.
Surgical Intervention After Transient Ischemic Attack: A Prime Opportunity to Advance Understanding of Preconditioning and Enhance Protection
Surgical removal of fat and cholesterol laden atherosclerotic plaques in the carotid artery (i.e. carotid endarterectomy) has become the most powerful form of stroke prevention for individuals with symptomatic and asymptomatic high-grade carotid artery stenosis ( Figure 2 ). Indeed, the 3 year risk of stroke and death in individuals is reduced by half in individuals who received endarterectomy compared with aspirin therapy alone (Mayberg et al, 1991) . An alternative strategy for restoring blood flow to the brain is percutaneous transluminal angioplasty with stent (or 'carotid stenting'), which is becoming a desirable alternative to endarterectomy particularly in patients with restenosis after endarterectomy, those who have serious angina, chronic obstructive pulmonary disease, heart failure or other circumstances where anesthesia and surgery pose high risks (Yadav et al, 2004) .
One of the ironies of performing either stenting or endarterectomy is the induction of a period of intensified ischemia and activation of potentially cytotoxic pathways as a consequence of these Figure 1 Diffusion weighted imaging of patient with TIA (A) who returned to ED 4 days later with stroke. (B) A 61-year-old woman with history of hypertension and prior basal ganglia lacunar stroke, presented initially with mild expressive aphasia and unsteadiness. Symptoms improved, she was discharged on antiplatelet agent, adjusted antihypertensive regimen, but returned 4 days later with worsened aphasia, right hemiparesis, and slow unsteady gait. Diffusion magnetic resonance imaging initially showed small left frontal subcortical infarction, and repeat scan shows significant extension of stroke in this region.
procedures, which can include guide wire insertion, catheter manipulation, stent placement, postdilation, balloon deflation, and other manipulations (Jodicke et al, 2003; Poppert et al, 2004) . Indeed, preliminary data suggest that stenting causes a three-fold increase in the release of the excitatory neurotransmitter glutamate within 24 h accompanied by induction of markers of cell death and inflammation more commonly associated with protracted periods of ischemia (Nombela et al, 2006; Poppert et al, 2004) . Doppler monitoring confirms the repercussions of interventional procedures for stenosis where an increase in the emboli during vascular intervention has been identified. As the majority of these emboli are thought to be air bubbles, they may be less damaging than emboli containing particulate matter, which have been closely linked to neuropsychometric deterioration (Crawley et al, 2000) . Moreover, new diffusion weighted imaging focal lesions are detectable in 30% to 50% of stenting patients although the majority of these lesions are commonly referred to as 'clinically silent' (Poppert et al, 2004; Roh et al, 2005) .
Both endarterectomy and stenting offer prime opportunities to couple intervention with administration of small molecule neuroprotective agents ( Figure 2 ). The question then becomes what level of stress is acceptable, and possibly even desirable, to precondition CNS tissue compared with that which has long-term consequences on executive function. There is a growing body of evidence that supports the hypothesis that TIAs may indeed precondition the brain against subsequent injury. That is, patients with previous TIAs have a more favorable outcome on subsequence ischemic challenge than those without TIAs (Moncayo et al, 2000) . This is particularly important in light of the fact that one or more TIA increases a patient's risk of stroke approximately 10-fold (Johnston et al, 2000) . Even TIAs lasting 10 to 20 min are still associated with a more favorable outcome when confounding variables, such as diabetes, are taken into account.
Moncayo and co-workers found that the interval between TIA and cerebral infarction greatly influenced long-term prognosis, a factor that is critical in ischemic preconditioning. This study evaluated a cohort of 65 patients with territorial strokes and final infarct size was significantly less in the 16 patients with prodromal TIAs. Decrease in infarct volumes were even more pronounced among patients where TIAs occurred fewer than 4 weeks from the onset of stroke compared with patients without prodromal TIAs (Moncayo et al, 2000) . Patients with prodromal TIAs also had milder final clinical deficits than those without and, in fact, prodromal TIA was the only predictive parameter of smaller final infarct volume (Moncayo et al, 2000; Weih et al, 1999) .
Recent imaging studies suggest that the protection and increased function associated with TIAs preceding stroke is not dependent on variation in blood flow and collateral development (Wegener et al, 2004) . That is, no observable changes between individuals with or without a history of TIA were observed on T2 lesion volumes, apparent diffusion coefficient maps or perfusion maps in imaging performed in the first 12 h after stroke. Therefore, despite having equivalent severities of ischemia initially, the final stroke lesion volume was smaller in patients with a prodromal TIA, implicating the important contribution of cellular neuroprotective mechanisms. An important caveat to these observations is that conditions such as diabetes or genetic risk of Alzheimer's disease can dramatically alter the predicted 'neuroprotective' outcome trajectory of prodromal TIA. These data speak to the need to rigorously assess individual risk factors and enhance genetic testing of patients before surgical intervention when possible.
The Clinical Realities of Diabetes and Ischemia Vulnerability
Convincing evidence now exists that diabetes mellitus is a strong independent risk factor of stroke Figure 2 Carotid endarterectomy offers a prime opportunity to deliver pharmacological therapies to increase angiogenesis, retard cell death, and decrease inflammation as well as understand neuroadaptation to stress. Pictured is the surgical removal of plaque from the carotid artery performed to increase blood flow to the brain and prevent strokes. Image shows the exposed common carotid artery and its branches. A cleavage plane is achieved between the plaque and the healthier remaining parts of the artery. The plaque, a pale yellow sheath which is in the grip of the forceps is removed. Plastic tubing bridges between the internal and common carotid artery to provide a detour for blood and provide blood flow to the brain while the operation is preformed. As evidenced in this figure, the CNS access granted by a relatively minimally invasive procedure has proved to be the most useful means of surgical stroke prevention and offers an outstanding opportunity to assess neurochemical, physiological, and molecular changes that accompany impaired blood flow to the human brain. Image courtesy of the Vascular Disease Centre, Vascular Surgery, University of Hong Kong.
with an estimated attributable risk of 21%; further, stroke is the second leading diabetes-related complication (Bertoni et al, 2002; Folsom et al, 1999; Pulsinelli et al, 1983) . The great majority of strokes that occur in the diabetic population are ischemic in nature and of these small deep 'lacunar' strokes are more common than large artery atherosclerosis or cardioembolic sources. In addition, TIA has been found to be three times more common in patients with diabetes compared with a control population (Palumbo et al, 1978) moreover, Johnston et al (2000) reported that a history of diabetes increased the risk of stroke within 90 days of a TIA. Perhaps most important, diabetes may be associated with a worse prognosis and mortality after stroke (Bertoni et al, 2002; Pulsinelli et al, 1983) .
There are several theories for the causative mechanisms behind diabetes worsening stroke outcomes. One possibility is that blockade of ischemic preconditioning may be a consequence of drug treatments for diabetes. Sulfonylureas (such as glyburide and glipizide) have become the leading oral antihyperglycemic agents over the past half century (Gerich, 1989; Groop, 1992) . The mechanism of action of these compounds is to increase insulin release by pancreatic islet cells by blocking ATP-sensitive potassium channels (K ATP ) resulting in the opening of calcium channels and causing insulin release. Opening of the K ATP channel is considered a hallmark feature of ischemic preconditioning in both heart and brain Gross and Auchampach, 1992; McLaughlin et al, 2003; O'Rourke, 2000 O'Rourke, , 2004 . Cell membrane K ATP channels are the targets of these glycemic control agents although K ATP channels are also present on mitochondrial membranes where they are critical determinants of cell fate. Here, they couple the ionic and biochemical machinery to detect changes in redox and energetic status with a potent mechanism to induce cell death under unfavorable conditions. While controversial (Meier et al, 2004) , sulfonylureas have been shown to block neuroprotective and cardioprotective effects of preconditioning in animal and culture models and have been implicated as a causative factor in the increased mortality observed in stroke patients (Forlani et al, 2004) .
Conversely, the neuroprotective potential of K ATP channel activation by agents such as diazoxide has also been demonstrated in animal models of brain ischemia (Ballanyi, 2004) . It has been hypothesized that alterations in cellular redox status and generation of reactive oxygen species (ROS) elicit preconditioning by contributing to the opening of K ATP channels within the mitochondria (Avshalumov and Rice, 2003) . Channel opening decreases the mitochondrial membrane potential and accelerates electron transfer resulting in a net oxidation of the mitochondria (Liu et al, 1998) . Reactive oxygen species produced by an oxidizing environment likely increase the opening of K ATP channels via modification of thiol residues within the channels and thus establishing a positive feedback loop for protection (Forbes et al, 2001; Grigoriev et al, 1999; Pain et al, 2000) . Preconditioning protection can be blocked with antioxidants and K ATP channel blockers (Baines et al, 1997; Das et al, 1999; Forbes et al, 2001; Lebuffe et al, 2003; Ravati et al, 2001) . We hypothesize the major importance of K ATP channel opening during mild ischemia is to enhance the generation of ROS (McLaughlin, 2004 (McLaughlin, , 2003 .
The contribution of ROS and other typically 'prodeath' molecules to preconditioning neuroprotection appears, however, to be significantly more complex than altering mitochondrial ion homeostasis ( Figure 3 ). Indeed, application of K ATP agonists blocks cytochrome c release, poly-ADP ribose polymerase cleavage and caspase activation after major hypoxic insults (Xu et al, 2001) . Notably, each of these events is required for preconditioninginduced protection. It is possible, even probable, that the ultimate fate of neurons is not dependent on which of these molecules are activated, but rather the extent and duration of their activation. There is a clear need for combining pharmacological and toxicological approaches to understanding mitochondrial dysfunction and compensation in neural cells that have undergone low-level ischemic injury akin to TIA to provide a framework to identify potential therapeutic targets. These observations also speak to the need to carefully assess any potential antioxidant strategies during TIA, which may have the undesirable consequence of blocking intrinsic protection pathways activated by mild ischemia.
Activation of Stress and 'Death' Proteins is Essential for Ischemic Preconditioning
In vivo and in vitro models of preconditioning have been allowed for the identification of neurotherapeutic targets downstream of K ATP channels. Recent observations by several laboratories, including our own, suggest that cytoprotective agents such as antioxidants and protease inhibitors paradoxically increase vulnerability to subsequent injury if administered during the preconditioning period (McLaughlin et al, 2003) . This calls into question the wisdom of overly aggressive intervention against mild ischemic injury. We have learned that lowlevel preconditioning stressors are capable of co-opting the apoptotic machinery to evoke neuroprotection in preconditioned cells. Metabolic dysfunction induced by preconditioning evokes not only the opening of K ATP channels and production of ROS but also the induction of heat-shock proteins (HSPs) and cleavage of the killer protease caspase 3. Indeed, appreciable caspase activation is present following preconditioning, but remarkably apoptotic cell death is not observed following Killer proteases and little strokes preconditioning. Caspases are traditionally considered to be 'executioner' proteases, activated only in the terminal stages of apoptotic cell death and caspase cleavage has been synonymous with cell death until these observations were made. In preconditioning models, caspase activation is dependent upon ROS generation and energetic dysfunction, and prevention of caspase 3 cleavage blocks induction of the neuroprotective protein HSP 70 ( Figure 3 ). The clinical relevance of this finding is that developing caspase inhibitors for the treatment of neurodegeneration is a major area of neurotherapeutic interest. While these agents no doubt block cell death in models of stroke, they may increase stroke induced cell death if given prophylactically during TIA.
Heat-Shock Proteins as Modulators of Preconditioning: Targeting the Chaperones
The upregulation of HSP 70 has been observed in the majority of models of preconditioning (for a discussion of other pathways activated in 'kindling' type protection, the reader is referred to Cendes (2005) ). This multifaceted protein is essential to neuroprotection in a host of chronic diseases such as Alzheimer's and Parkinson's. Molecular chaperones provide a vital link between protein trafficking, folding, and targeting for proteasomal destruction (Figure 4 ). The HSPs are highly conserved, abundantly expressed proteins with diverse functions including the assembly of multiprotein complexes, transportation of nascent polypeptides, and regulation of protein folding. Heat-shock protein 70 is the major inducible HSP found in interacts with many of the same binding partners and client proteins as HSC 70. While HSP 70 has been shown to be upregulated after preconditioning stress, the mechanism by which it affords protection is not known, as its activity is dependent on its association with different binding partners. For instance, the C-terminal HSC 70 interacting protein (CHIP) competes for C-terminal binding to HSP 70 with HOP. Similarly, BAG-1 competes with HIP for N-terminal binding. Formation of BAG-1/HSP 70/CHIP complexes is thought to redirect HSP activity away from protein refolding and towards ubiquitination and proteasomal degradation (Hohfeld et al, 2001) . Resurgent interest in HSP 70 complex formation and function followed the 2002 observation that overexpression of CHIP could block neuropathological aggregate formation in vitro associated with a mutation in the Parkin gene (Imai et al, 2002) . CHIP is a member of the family of E3 ligases that perform essential roles in docking Ub proteins with the proteasome. Figure 3 Model of neuronal ischemic preconditioning. Based on our observations that preconditioning elicits caspase cleavage and ROS generation, which are required for expression of protection and that this protection requires new protein synthesis, we propose the following pathway mediates protection. We hypothesize that the initial energetic stress put on cells generates ROS and activation of mitochondrial K ATP channels. These events likely contribute to limited cytochrome c redistribution and caspase 3 activation. Cleaved caspases are likely held in check by preexisting proteins such as HSC 70. When these proteins are depleted, this results in the activation of a positive feedback cycle leading to increased production of HSPs and other neuroprotective proteins. Signal transduction cascades such as protein kinases of the MAPK family and PKC family as well as others, are likely critical components of this protective pathway. The upregulation of HSP 70 is able to block normally lethal exposure to subsequent injuries. Many of the kinases, proteases, chaperones and transcription factors in this pathway could be exploited for development of neurotherapeutics to recapitulate endogenous neuroprotection.
Killer proteases and little strokes
For preconditioning, we have shown that the protein refolding function of HSPs is less important than their ability to sequester activated caspases and other cell death proteins (McLaughlin et al, 2003) . Data from preconditioning experiments suggest that cleaved caspase 3 binds to the HSP 70 homologue HSC 70 which is constitutively expressed, and this binding prevents caspase activation from leading to apoptosis. A delicate balance clearly exists in which caspase 3 can be activated in a subthreshold manner to enhance cellular defenses whereas once sufficient intensity, duration, or localization of activated caspases is reached, cells undergo apoptosis. The feedback loop by which depletion of HSC 70 results in HSP 70 upregulation and protection from subsequent stress has not been identified nor have the factors that temporally and spatially limit caspases from cleaving all intracellular substrates and evoking death.
Strong support of the biological importance of low level, spatially restricted caspase activation to neuroadaptive processes comes from work on synaptic reorganization. A compelling series of studies by Campbell and Holt have shown that caspase 3 is activated in developing growth cones where a dynamic process of protein synthesis, cleavage, and degradation is essential for neurite formation Holt, 2001, 2003) . Indeed, regional and cellular differences in the abundance of proteins, which govern these processes, may limit the ability of neurons in the CNS to sprout and form appropriate connections after injury (Verma et al, 2005) .
Calcium entry and calcium activated proteases such as calpains are also essential to neural growth cone expansion (Robles et al, 2003) . This suggests that calcium-buffering organelles, such as the endoplasmic reticulum and mitochondria that translate changes in ion homeostasis to molecular signaling pathways, likely play an important role in caspase 3 cleavage. Compartmentalization of caspase activity has been observed in nuclear and mitochondrial fractions in the absence of widespread proteolytic activity (Chandler et al, 1998; Chandra and Tang, 2003; Mancini et al, 1998; Nakagawa et al, 2000) . However, caspase activity is not likely limited in this manner in preconditioned cells as cleavage of cytosolic substrates has been observed (Yang and Du, 2004) . The role of caspases in CNS remodeling has clear implications for neurotherapeutics as well. It remains to be determined if cells that are 'saved' by caspase inhibitors are capable of forming and maintaining viable synapses in vivo.
The Ubiquitin Proteasome System Plays a Key Role in Ischemic Injury and Neuronal Survival
The interplay between protein cleavage and degradation by caspases and calpains is an excellent Figure 4 The UPS is essential to the cellular response to ischemic stress. Multiple energy and oxygen dependent pathways converge on the proteasome to remove damaged proteins and activate transcription factors with roles in increasing oxygenation, vascularization and survival. Examples of these pathways are shown for the unfolded protein response in the ER, the stabilization of hypoxia inducible factor 1a (HIF1a) and the chaperone triage system. Protein trafficking and assembly in the endoplasmic reticulum is responsive to multiple energetic and ionic perturbations including calcium buffering, redox regulation, caspase activation, and post-translation modification of proteins. These functions are dependent on ATP content and redox sensitive proteins including the Sec ATPases. Misfolded proteins are targeted to the proteasome thru ubiquitination (E1, E2, and E3 enzymes). Oxygen sensitivity is showed in the HIF1a subunit of the HIF transcription factor. Under normoxia, HIF hydroxylases modify proline residues within the oxygen dependent domain (ODD) of HIF allowing for rapid ubiquitination by the von Hippel-Lindau (vHL) E3 ligase. Anerobic conditions block these modifications leading to enhance HIF 1a expression and transcriptional activity. Finally, chaperones play an essential role in the stress response to ischemia. Some of the interactions of the stress inducible chaperone HSP 70 are depicted in this figure. Competition for HSP 70 binding leads to altered chaperone activity in which the protein moves from a primary role in refolding to one of targeting proteins to the proteasome to be degraded. Again, the function of this protein is dependent on ATPase activity of interacting chaperones.
Killer proteases and little strokes example of the fine balance between adaptive and destructive pathways in ischemic tissue. Central to mediating these responses is the ubiquitinproteasome system (Stampfer et al, 1992) , another important therapeutic target widely cited for its potential to block neurodegeneration. Under nonstressed conditions, an estimated 30% of newly synthesized proteins are degraded because of folding errors and this process is largely controlled by chaperones such as HSPs (Schubert et al, 2000) . When protein refolding becomes untenable because of excessive denaturation, the majority of proteins become ubiquinated and are degraded. Rapid elimination of denatured, misfolded, and damaged proteins by the proteasome is a critical determinant of cell fate, which is achieved by covalent attachment of multiple ubiquitin (Ub) molecules to generate the poly-Ub chain that serves as a recognition marker for the proteasome. Multi-Ub chains are formed by carboxy-terminal glycine linkage to Ub on Lys 48 of the preceding Ub (Chau et al, 1989) . The fate of ubiquitinated proteins in part depends on the length and linkage type of the Ub chain. In general, substrates with four or more Ub moieties linked via Lys 29 or Lys 48 are targeted for degradation by the 26S proteasome (Hershko and Ciechanover, 1998) . Ubiquitination is also a powerful mechanism to redirect protein activity and dampen cellular communication. For example, Ub linkage to Lys 63 of a receptor protein can cause protein internalization (Hicke and Dunn, 2003) . Alternatively, monoubiquitination can lead to nuclear export and translocation of proteins into the cytoplasm.
High-resolution confocal microscopy has been used to document the presence of protein aggregates surrounding nuclei and along dendrites in postischemic neurons (Liu et al, 2004; Vannucci et al, 1998) . These aggregates contain ubiquinated proteins, which can also be found in the neuronal soma, dendrites, and axons. Ub-proteins in neuronal lysosomal vesicles and in late endosome-like organelles in the ischemic area (Colbourne et al, 1999) may result from an attempt to eliminate accumulating Ub-proteins by autophagy. Biochemical characterization of the Ub-immunoreactive material from CNS disorders is an area of active research. As in many chronic neurodegenerative diseases, HSPs co-localize with Ub-proteins in the inclusions after ischemic injury (Domorakova et al, 2004; Giffard et al, 2004; Hu et al, 2000 Hu et al, , 2001 Kumar et al, 2003; Liu et al, 2004) . Not surprisingly, the expression of HSP 70 is increased after ischemia in vivo and in vitro, and these protein aggregates are rich in chaperones (Aoki et al, 1993; Chen et al, 1996; Currie et al, 2000; Mailhos et al, 1994; Rajdev et al, 2000; Tsuchiya et al, 2003a, b) .
The 26S proteasome itself is a multicomponent complex composed of a 20S catalytic core particle and a regulatory 19S regulatory particle. The 19S regulatory particle recognizes ubiquitinated proteins and other potential substrates via two subunits Rpn10 (S5a) and Rpt5 (S6 0 ). The 19S regulatory particle allows substrate entry into the proteolytic chamber where ATPases provide energy for both the assembly of the 26S proteasome and the injection of substrates into the catalytic chamber. Decreases in proteasome activity associated with pathophysiological events (Canu et al, 2000) is likely due in part to caspase mediated cleavage of S6 0 , S5a, as well as S1 proteasome subunits, which cooperate with other subunits to hold together the 19 and 20S components (Adrain et al, 2004) . Caspases thus inhibit proteasomal degradation of both Ub-dependent and -independent cellular substrates, including proapoptotic molecules such as Smac, p53, and caspases. In this way, proteasomal uncoupling is thought to enhance the execution of the apoptotic program as part of a feed-forward amplification loop (Adrain et al, 2004) . Another consequence of this proteolysis is the partial dissociation of the 19S regulatory complex from the 20S catalytic core, which is caused by caspase mediated degradation. This dissociation process may also preserve highenergy phosphate used to maintain ion homeostasis or promotion of apoptosis depending upon the extent of uncoupling.
Proteasomal Dampening of Excitotoxic Transmission as a Means to Block Ischemic Injury
To survive hypoxia and reperfusion, neurons must adapt to the excessive stimulation of glutamate receptors and the subsequent influx of calcium and production of ROS. Proteasomal regulation of these receptors provides an excellent means of dampening excitotoxic signal transduction. Loss of blood flow during myocardial infarction, hemorrhagic, or ischemic stroke causes energetic stress exacerbated by the influx of sodium, chloride and water. Resulting membrane depolarization causes massive glutamate efflux which, when coupled with transport failure, causes neuronal cell death via overstimulation of glutamate receptors. The NMDA receptor is normally blocked by magnesium, but membrane depolarization during stress relieves this block and calcium influx initiates a cascade commonly referred to as excitotoxicity. Indeed, targeted blockade of the NMDA receptor has been the most actively pursued therapeutic target for the treatment of stroke until multiple trials were halted because of untoward side effects of the compounds, poor pharmacokinetic profile, and the short neuroprotective window these reagents provided (Albers et al, 2001; Lee et al, 1999) .
Other mechanisms exist to modulate excitatory neurotransmission and the signaling pathways that are neurotoxic to cells after stroke. Overstimulation of glutamate receptors by NMDA application leads to ubiquitination of the scaffolding protein PSD-95 via the E3 ligase Mdm2, resulting in receptor degradation. Thus, targeting PSD-95 for more rapid degradation by upregulating Mdm2 activity or PSD-95 recognition could provide a therapeutic strategy for acute insults such as stroke, which involve excessive glutamate release and receptor activation. PSD-95 degradation likely has important ramifications on synaptic transmission, stability, and plasticity particularly given that PSD-95 also associates with glutamatergic AMPA receptors, which are endocytosed in an NMDA receptor-dependent manner. Indeed, Tymianski and co-workers (Arundine and Tymianski, 2003) have shown that an HIV-Tat fusion protein containing C-terminal NMDA residues designed to interfere with PSD-95/receptor interactions blocks excitotoxic cell death in vitro as well as ischemia in vivo. This cycle may also have a feed-forward loop as glutamatergic stimulation has been shown to upregulate the expression of the p112 proteasome subunit.
In addition to the widely appreciated consequences of NMDA receptor overactivation, glutamateric AMPA receptors have become desirable modulatory targets to change excitatory synaptic tone (Weiser, 2002) . The activity-dependent endocytosis of AMPA receptors is sensitive to proteasome inhibition (Colledge et al, 2003; Patrick et al, 2003) . Direct ubiquitination of GluR1 AMPA receptors contributes to receptor accumulation in invertebrates (Burbea et al, 2002) although this has yet to be confirmed in mammalian systems. PSD-95 also promotes the synaptic accumulation of AMPA receptors and provides another site for neurotherapeutic development.
The oxidative injury caused by overstimulation of glutamatergic synapses has also been linked to both acute and chronic neurodegeneration. Oxidative injury has been observed to some extent in virtually all neurodegenerative conditions. The immediate consequences of oxidative stress include the modification of disulfide bonds within ion gated channels, transcription factors, and metal binding proteins that exasserbate ionic dysfunction associated with energetic failure resulting in free transition metals potentially furthering proteasomal dysfunctions (Conconi et al, 1998; Kim et al, 2004; Kiss et al, 2005) .
20S proteasomes can degrade mildly oxidized proteins without previous ubiquitination; they are however unable to degrade extensively oxidized proteins (Davies, 2001; Ding et al, 2003; Ferrington and Kapphahn, 2004; Figueiredo-Pereira and Cohen, 1999; Grune et al, 2004) . Disulfide oxidation can also result in decreased protein solubility and aggregation, loss of proteasome function and alterations in the composition of the proteasome (Ferrington et al, 2005; Branza-Nichita et al, 2002) . Long-term consequences of extended oxidative stress may include decrease in total number of proteasome complexes during aging (reviewed by Bulteau et al, 2001; Ferrington and Kapphahn, 2004) . Specifically, ROS modification of proteasomal subunits a1, a2, and a4 (Bulteau et al, 2001; Keller et al, 2000a) impairs protease degradative capacity although the extent of oxidation induced proteasome inhibition is dependent on the nature of the oxidative modification.
Loss of ATP resulting from oxygen deprivation also has profound and immediate consequences on a host of cellular functions including proteasome function (Asai et al, 2002; Bulteau et al, 2001; Grune, 2000; Hayashi et al, 1993; Kamikubo and Hayashi, 1996; Mehlhase and Grune, 2002; Tanaka, 1995) . One hour transient focal cerebral ischemia induces marked depletion of the E3 ligase Parkin but does not affect the levels of E2 conjugating enzymes (Mengesdorf et al, 2002) . Parkin upregulation has been shown to protect cells from injury induced by ER stress. This suggests that parkin depletion may increase the sensitivity of neurons to stimuli managed by the ER including the unfolded protein response and calcium dysregulation, which are already impaired by loss of cellular ATP levels (DeGracia and Montie, 2004; Kumar et al, 2003; Ryu et al, 2002) . Interestingly, in the ischemic core, ATP-and Ub-dependent degradation mediated by the 26S proteasome is impaired, while the ATP-and Ub-independent degradation mediated by the 20S proteasome is unimpeded (Kamikubo and Hayashi, 1996) . This is likely because of the dissociation of 26S proteasomes, which occurs under stress, into 20S proteasomes and PA700 caps. While the 26S proteasome activity recovers in many regions after reperfusion, in particularly vulnerable areas including the CA1 region of the hippocampus, PA700 and 20S proteasomes do not fully reassociate, a problem that may underlie the delayed neuronal cell death in these regions (Asai et al, 2002) . Understanding the factors that underlie proteasome complex dissociation may prove beneficial in identifying mechanisms that re-couple 26S proteasomes and enhance survival.
Temporal and Spatial Regulation of Proteolysis: A Critical Determinate of Neuronal Survival
We have hypothesized that limited proteolytic cleavage of some structural and repair proteins may be adaptive in preconditioned cells by limiting energetic output as well as aiding in cytoskeletal flexibility and reestablishment of appropriate neural connections (McLaughlin, 2004) . This theory is supported by work in which the DNA repair enzyme poly-ADP ribose polymerase, which consumes cellular NADH, is cleaved by caspase 3 in preconditioned cells (Garnier et al, 2003) . Moreover, RasGAP, which regulates both Ras-and Rho-dependent pathways, is partially cleaved resulting in the generation of an N-terminal fragment, which induces a potent Ras-PI3K-Akt-dependent survival pathway. Full cleavage of this protein does not occur in this preconditioning model and is another example of limited temporal and spatial proteolysis of substrates contributing to preconditioning protection. Indeed, neurons exposed to apoptotic triggers undergo extensive RasGAP cleavage . The Ras-Raf pathway has also been implicated in the expression of ischemic tolerance by the Dawson's who reported that dominant-negative Ras mutants cannot be preconditioned (Gonzalez-Zulueta et al, 2000) .
Because proteolytic degradation includes a large variety of proteins with crucial function(s) in regulation of cell growth, the proteasome may seem to be a unwieldy therapeutic target. However, potent and specific chemical inhibitors of the proteasome have been created for cancer treatment and may have application to inflammatory and immune diseases offering the potential cross purposing of these agents to increase neuronal survival during short-term stress such as that caused by neurovascular procedures (McLaughlin and DiNapoli, 2005) . One of the most well understood inhibitors is MLN-519, which consistently reduces cerebral infarct volume after middle cerebral artery occlusion in a dose-dependent manner with a therapeutic window of up to 6 h after the onset of ischemia. MLN-519 also exhibits a neuroprotective effect after focal brain ischemia with a 50% to 60% reduction of infarct volume and decreased leukocyte infiltration, as well as prevention of NFkB activation after reperfusion (Zhang and Stanimirovic, 2002) . When MLN-519 was used in combination with tissue plasminogen activator in an embolic stroke model, it decreased infarct volume and improved neurological outcome 1 week after the ischemic episode, as well as eliminating hemorrhage associated with tissue plasminogen activator treatment, even when administered 6 h after vessel occlusion. These neuroprotective effects were also replicated in models of cerebral hemorrhage (Al-Senani et al, 2001) .
Indeed, temporally and spatially controlled proteasome inhibition may promote neuronal survival after stroke by helping neurons evoke chaperones, dampen inflammation, and promote revascularization and energetic repletion. However, neurons subjected to prolonged and/or complete proteasome inhibition are likely to be severely damaged, as a result of an inability to resume requisite communication, protein turnover, and trafficking. The problem of defining the temporal window during which proteasome inhibitors are efficacious is particularly important, given that protracted use of these compounds results in neuronal cell death (Canu et al, 2000; Ding et al, 2003; Qiu et al, 2000; Rideout and Stefanis, 2002; Rockwell et al, 2000) . This hypothesis is supported by the observation that the temporal window of decreased proteasome activity is coincident with the therapeutic window during which proteasome inhibitors promote neuronal survival after stroke (Asai et al, 2002; Kamikubo and Hayashi, 1996; Keller et al, 2000b) . Postischemic impairment of proteasome activity likely leads to accumulation of Ub conjugates, contributing to loss of neuronal function.
In addition to temporal constraints, important spatial considerations must also be addressed such as the means to deliver a proteasome inhibitory cocktail, since the specific neurotransmitter profile and metabolic activity of cells alter proteasome inhibitor efficacy as evidenced by the observation that hypoxic endothelia showed a > 10-fold increase in sensitivity to proteasome inhibitors (Zund et al, 1997) . Under conditions where ATP is limiting, such as during hypoxia, the kinetics of drugs targeting the proteasome may significantly alter the actions of these drugs. Further, the unique neurochemical and transcriptional identity of neurons is particularly important for eliciting proteasomedependent inflammation pathways. While neuronal culture work has shown that activation of NFkB protects against excitotoxic and metabolic insults (Dudek et al, 2001) , these effects differ between cell types. Indeed, activation of NFkB in microglia promotes ischemic neuronal degeneration (Mattson, 2005) and the net consequences of modulating NFkB by way of the proteasome may be unique to each species, and possibly even strains within species (Perkins and Gilmore, 2006) . Recent work with more specific regulation of turnover of the pathway has shown tremendous promise in blocking ischemic cell death by decreasing NFkB activation (Herrmann et al, 2005) . As the roles of the ubiquitination machinery, the factors that dictate substrate specificity and the interactions of ischemia-induced biochemical changes on discreet regions of the proteasome become known, we will likely be capable of designing improved therapeutic agents with which to selectively target components of the ubiquitin-proteasome system.
Conclusions
Our failure to develop accurate models of stroke while having made great strides in understanding the cellular and molecular events that contribute to neurodegeneration has become a clinical liability, as illustrated by our lack of good predictors of which patients who present with TIAs will experience severe hypoxic injury in the hours, days, and weeks after TIA. Individuals who have had a TIA can fair better than those who have not had an ischemic episode. This allows us the opportunity to identify the cellular and molecular mechanisms that underlie this powerful form of neuroprotection and design therapies that mimic this effect. The operative part of this statement is that the patient with a TIA fairs better, not that they are entirely immune to secondary stroke damage.
Killer proteases and little strokes
The ideal situation would be one in which genetic, epigenetic, and individual risk factors could be used to develop a more accurate profile of stroke risk and secondary hypoxic events could be avoided entirely.
Transient ischemic attack and stroke are part of a continuum of pathology caused by cerebral ischemia although we are not in a position to determine when tissue hypoxia in humans transitions from a perturbation which is defensible to one which leads to cell death. The ongoing challenge to physicians and physician-scientists is to continue to press the detection limits of imaging technology to parallel our understanding of the cellular biology of ischemia; clearly, our knowledge of the cellular and molecular mechanisms that contribute to acute neuroprotection in vitro and in vivo has vastly outpaced our understanding of the factors that are evoked in individuals who have experienced TIAs. As microelectrode assessment of metabolic and energetic status during surgical intervention for stenosis becomes more routine, clinical researchers will be poised to understand the utility of local administration of neuroprotective agents, allow for physiological adaptation such as 'permissive hypertension' to increase oxygen delivery and evaluate the biological stress of new devices to increase CNS blood flow.
Preconditioning is highly relevant not only to acute degenerative events such as stroke, head injury, and myocardial infarction but also for chronic neurodegenerative diseases such as Alzheimer's and Parkinson's diseases. A growing body of literature supports the theory that cells chronically stressed by long-term exposure to pathological protein aggregates or fragments, energetic dysfunction, and oxidative injury have already exploited preconditioning signaling mechanisms such as upregulation of chaperones and energetic overcompensation. The continued identification of proteins and signaling pathways employed by neurons with genetic mutations associated with neurodegeneration will allow us to provide more effective complementary therapies to re-enforce those already employed by cells. In the interim, advances in detection of TIAs by developing peripheral biomarkers as well as building on imaging technology will enable us to more rapidly assess and serve our clinical populations.
